Aldehyde dehydrogenase 7A1 (ALDH7A1) is involved in lysine catabolism, catalyzing the oxidation of aaminoadipate semialdehyde to a-aminoadipate. Certain mutations in the ALDH7A1 gene, which are presumed to reduce catalytic activity, cause an autosomal recessive seizure disorder known as pyridoxine-dependent epilepsy (PDE). Although the genetic association between ALDH7A1 and PDE is well established, little is known about the impact of PDE-mutations on the structure and catalytic function of the enzyme. Herein we report the first study of the molecular consequences of PDE mutations using purified ALDH7A1 variants. Eight variants, with mutations in the oligomer interfaces, were expressed in Escherichia coli: P78L, G83E, A129P, G137V, G138V, A149E, G255D, and G263E. All but P78L and G83E were soluble and could be purified. All six soluble mutants were catalytically inactive. The impact of the mutations on oligomerization was assessed by analytical ultracentrifugation. Wild-type ALDH7A1 is shown to exist in a dimer-tetramer equilibrium with a dissociation constant of 16 mM. In contrast to the wild-type enzyme, the variants reside in monomer-dimer equilibria and are apparently incapable of forming a tetrameric species, even at high enzyme concentration. The available evidence suggests that they are misfolded assemblies lacking the three-dimensional structure required for catalysis.
Introduction
The lysine catabolic enzyme aldehyde dehydrogenase 7A1 (ALDH7A1) catalyzes the NAD þ -dependent oxidation of a-aminoadipate semialdehyde (AASAL) to a-aminoadipate (Fig. 1A) . Misregulation of ALDH7A1 and other members of the ALDH superfamily has been observed in cancer stem cells and linked to cancer stem cell metastasis [1, 2] . Defects in ALDH function are also associated with numerous inherited metabolic disorders. Notably, certain mutations in the ALDH7A1 gene cause pyridoxinedependent epilepsy (PDE), a recessive, inherited disease that results in seizures [3, 4] .
According to the Human Gene Mutation Database [5] , 47 disease-related mutations, both missense and nonsense, have been mapped to the ALDH7A1 gene. 39 of the 47 are linked to PDE. A decade ago, Mills et al. proposed that the pathology of PDE involves inactivation of the enzyme cofactor pyridoxal 5'-phosphate (PLP) [3] . Specifically, diminished ALDH7A1 activity leads to increased levels of AASAL and its cyclized form, D 1 -piperideine-6-carboxylic acid (P6C, Fig. 1 ). The elevated P6C concentration promotes covalent inactivation of PLP via the Knoevenagel condensation (Fig. 1B ) [3] . Given that roughly 4% of all enzymes employ PLP as a cofactor [6] , reduced PLP levels could have a variety of adverse physiological consequences. Increased incidence of seizures is believed to be one of these [3] .
Elucidating the functional impact of ALDH7A1 mutations is key to understanding the molecular basis of PDE. High-resolution structures of ALDH7A1 complexed with NAD þ and a-aminoadipate have revealed the protein fold, the apparent quaternary structure, and the residues involved in substrate-and cofactor binding [7e9] . Despite the availability of structural information for the wild-type enzyme, it is difficult to predict the impact of ALDH7A1 point-mutations on catalytic activity and threeAbbreviations: ALDH, aldehyde dehydrogenase; AASAL, a-aminoadipate semialdehyde; P6C, D 1 -piperideine-6-carboxylic acid; PDE, pyridoxine-dependent epilepsy; PLP, pyridoxal 5 0 -phosphate.
dimensional structure, particularly those remote from the active site. In this context, it is notable that approximately 12% of all disease-related mutations are located in protein-protein interfaces of oligomeric proteins [10] . Indeed, nearly 20% of the known PDEassociated missense mutations reside in, or near, the interfaces of the ALDH7A1 tetramer: P78L [11] , G83E [12] , A129P [11] , G137V [12] , G138V [13] , A149E [11] , G255D [14] , and G263E [15] .
To better understand the impact of these mutations, we expressed recombinant versions of the eight aforementioned PDErelated mutant enzymes in Escherichia coli and compared their selfassociation behavior to that of wild-type ALDH7A1. The wild-type protein forms a catalytically active, high-affinity dimer that can further associate, at higher concentrations, to form a tetramer. Two of the variant proteins did not express appreciable amounts of soluble protein (P78L, G83E), precluding detailed analysis. The other six, although soluble, are catalytically inactive and display aberrant self-association behavior. Specifically, both monomeric and dimeric states are populated at low concentration, and the dimers are apparently incapable of forming the tetrameric dimerof-dimers observed for wild-type ALDH7A1. These results suggest that the disease-related mutations result in the production of misfolded monomers incapable of associating into active oligomers.
Materials and methods

Construct generation
The construct used for expression of wild-type human ALDH7A1 in the pKA8H protein expression vector was previously described [7] . Mutations in the ALDH7A1 gene were introduced with the QuikChange Lightning kit (Agilent). Mutations were validated by DNA Sanger sequencing.
Protein expression and purification
All protein expression vectors were transformed into BL21(DE3) cells (Thermo Fisher Scientific) for protein expression. An overnight starter culture was used to inoculate 1 L of terrific broth. Cultures were shaken at 37 C and 250 rpm until OD 600 z 0.8. The temperature was then shifted to 18 C, and protein expression was induced with 0.5 mM isopropyl b-D-1-thiogalactopyranoside. Cultures were shaken overnight. The following day, the cells were pelleted and frozen at À80 C for storage.
For purification, frozen cell pellets were resuspended in lysis buffer (50 mM Tris pH 8.0, 500 mM NaCl, 20 mM imidazole, 10% v/v glycerol, and 1% Tween-20). Cells were then lysed by sonication, and the cell-debris and unbroken cells were pelleted at 16,000 rpm for 1 h. The cell-lysate was then loaded by gravity onto a Ni-NTA column. After washing the column with 40 bed volumes of 50 mM Tris pH 8.0, 500 mM NaCl, 20 mM imidazole, and 10% v/v glycerol, the protein was eluted with 50 mM Tris pH 8.0, 500 mM NaCl, 250 mM imidazole, and 10% v/v glycerol. Protein concentrations were estimated by A 280 , using the extinction coefficient of 81,360 M À1 cm À1 predicted from amino acid sequence with ExPASy
ProtParam [16] . The His-tag was cleaved from the purified protein using Tobacco Etch Virus protease in the presence of 0.5 mM EDTA, employing 1 mg of protease for every 10 mg of target. After 2 h at 28 C, the preparation was dialyzed overnight at 4 C against 50 mM Tris, pH 7.8, 50 mM NaCl, 5% v/v glycerol, 1 mM dithiothreitol. The cleaved His-tag was removed by passing the protein solution over Ni-NTA. The eluate was concentrated and further purified by size-exclusion chromatography on Superdex 200 10e30, in the presence of 50 mM Tris pH 7.8, 50 mM NaCl, 5% v/v glycerol, and 0.5 mM Tris(hydroxypropyl)phosphine.
Fractions containing the protein were pooled and concentrated. Sedimentation analysis was immediately performed on an aliquot of the resulting solution. The remainder was supplemented with NAD þ to a final concentration of 2 mM, flash frozen in liquid nitrogen, and stored at À80 C. For enzyme-activity assays, samples were thawed on ice and diluted to the desired concentration with 100 mM sodium pyrophosphate pH 8.
Kinetics measurements
ALDH7A1 activity was estimated by monitoring NADH production at 340 nm as described elsewhere [9, 17] . The assays were conducted at 25 C, in 100 mM sodium pyrophosphate pH 8 and 2.5 mM NAD þ , using a Biotek EPOCH2 plate reader. The standard assay employed an ALDH7A1 concentration of 0.5 mM (based on the molecular weight of a monomer) and 2 mM AASAL. Because the variant proteins were inactive under these conditions, assays were also conducted with elevated levels of enzyme (4 mM, monomer molecular weight) and aldehyde (30 mM).
Analytical ultracentrifugation
Sedimentation velocity and equilibrium experiments were performed at 20 C, in a Beckman XL-I analytical ultracentrifuge using an An50Ti rotor. For velocity studies, aliquots of the protein solution (400 mL) and reference buffer (430 mL) were loaded into the sample-and solvent compartments, respectively, of a sedimentation-velocity cell, equipped with a dual-sector charcoalEpon centerpiece. After temperature equilibration, the sample was centrifuged at 35,000 rpm, monitoring the radial-distribution with Rayleigh interference optics. Data were acquired at two-minute intervals until 300 radial scans had been collected. The composite data set was analyzed globally using Sedfit [17] , to obtain the sedimentation-coefficient, c(s), and molecular-weight, c(M), distributions.
Sedimentation-equilibrium data were collected at three different protein concentrations and three rotor speeds e 6000, 9000, and 12,000 rpm. Aliquots of the protein solutions and reference buffer were loaded into a sedimentation-equilibrium cell equipped with a six-sector charcoal-Epon centerpiece. Following a 16 h equilibration period at 6000 rpm, the absorbance, at 280 nm, was measured as a function of radial position. Data were collected at hourly intervals, until the radial distribution was unchanged. For subsequent measurements at 9000 rpm and 12,000 rpm, the samples were equilibrated for eight hours prior to acquisition of the first scan.
Sedimentation equilibrium data were initially fit to a singlespecies model to estimate the average molecular weight of all of the species:
In Eq (1), a is the total sample absorbance; a o is the absorbance at an arbitrary reference position, r o ; M is the average molecular weight; u is the radial velocity (rad/s); v is the partial specific volume of the protein; r is the sample density; R is the gas constant;
and T is the absolute temperature.
The value of M thus obtained dictated the form of the model employed for subsequent analysis. For wild-type ALDH7A1, the value of M was between that of the dimer and the tetramer. Accordingly, the following equation was employed:
where M 2 is the dimer molecular weight and K 2-4 is the association constant governing the dimer-tetramer equilibrium. For the variant enzymes, the single-species model yielded values for M below the dimer molecular weight. Thus, the data were subsequently analyzed with a model that included both the monomer-dimer and dimer-tetramer equilibria:
where M 1 is the monomer molecular weight and K 1-2 is the association constant for dimer formation.
The initial treatment of the data for the variant proteins considered just the monomer-dimer association e i.e., K 2-4 was set to zero. Upon completion of the least-squares minimization, K 2-4 was then allowed to vary, in order to determine whether any further reduction in c 2 could be achieved.
The least-squares analyses returned values for K 1-2 and K 2-4 in inverse absorbance units. The following equation was used to convert K 1-2,abs to inverse concentration units:
where ε is the molar absorptivity of the monomer, and l is the path length of the charcoal-Epon centerpiece (1.2 cm). A similar formula was used to convert K 2-4,abs to inverse concentration units:
where ε 2 represents the molar absorptivity of the dimer, assumed to be twice that of the monomer.
Results
PDE-related mutations eliminate catalytic activity
Wild-type ALDH7A1 exhibited robust activity in our standard assay ( Fig. 2A) , employing 0.5 mM enzyme and near-saturating concentrations of AASAL (2 mM) and NAD þ (2.5 mM). By contrast, none of the variants displayed detectable activity under the same conditions ( Fig. 2A ). Assays were also performed with elevated levels of enzyme (4.0 mM) and AASAL (30 mM). Whereas the activity of wild-type ALDH7A1 scaled with enzyme concentration (Fig. 2B) , the activity of the variant proteins remained unchanged from background (Fig. 2B) . These results indicate that the mutations render ALDH7A1 catalytically inactive, consistent with clinical phenotypes observed in PDE patients.
Structural context of the mutated residues
In common with all ALDH superfamily enzymes, the ALDH7A1 protomer-structure includes an N-terminal Rossmann NAD þ -binding domain, C-terminal catalytic domain, and an oligomerization domain (Fig. 3) . Two protomers associate to produce a domainswapped dimer, in which the oligomerization domain from one protomer engages the b-sheet in the catalytic domain of the other (Fig. 4A) . The highly conserved ALDH protomer and dimer structures are considered defining features of the superfamily. In certain ALDH family members (notably ALDH7A1, ALDH1, and
ALDH2), two domain-swapped dimers assemble into a tetrameric dimer-of-dimers (Fig. 4A) . ALDH7A1 crystallizes as a tetramer, with point group 222 symmetry, which can be described with three mutually perpendicular 2-fold axes intersecting at the centroid of the particle. The P-axis runs parallel to the D helix of the Rossmann fold and relates the two protomers of the domain-swapped dimer (the P dimer, Fig. 4B ). Rotations around the Q-and R-axes, on the other hand, relate the two dimers comprising the tetramer (Fig. 4B) . Small-angle X-ray scattering [8] data suggest that the tetrameric form is also present at high concentration in solution.
The eight PDE-associated mutations selected for study are all proximal to oligomer interfaces (Figs. 3 and 4) . Gly255 and Gly263 reside in a helix adjacent to the P axis within the P-dimer interface.
Gly137, Gly138, and Ala149 are located in the oligomerization domain, adjacent to the Q axis, at the center of the tetramer. Their position at the centroid places these residues at the dimer-dimer interface. Pro78, Gly83, and Ala129 flank the Gly137-Gly138-Ala149 triplet and also contribute to the dimer-dimer interface.
Importantly, all of the targeted residues are remote from the active site (Fig. 3) , between 18 and 28 Å (Ca e Ca distance) from the catalytic cysteine, Cys302. None of the residues directly contact NAD þ or the aldehyde substrate. Gly255, 10 Å from the adenine ring, makes the closest approach to the cofactor. Ala129, Ala149, and Gly255 make the closest approach to the aldehyde (15e16 Å). The distance from the active site suggests that the impact of the mutations on catalytic activity is indirect. Fig. 2 . Enzymatic activity of interface mutants compare to wild-type ALDH7A1. NADH formation was monitored at 340 nm using either 0.5 mM protein and 2 mM AASAL (A) or 4 mM protein and 30 mM AASAL (B). The color scheme in both panels is identical: wild type ALDH7A1 (black), A129P (green), G137V (red), G138V (blue), A149E (magenta), G255D
(orange), and G263E (purple). The NAD þ concentration was 2.5 mM. Note that the vertical scales are different in the two panels. The enzyme concentrations were calculated using the molecular weight of an ALDH7A1 monomer. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
ALDH7A1 displays a dimer-tetramer equilibrium in solution
Although crystallographic and small-angle X-ray scattering data indicate that ALDH7A1 is capable of forming a tetramer both in crystallo and in solution (Fig. 4) [7e9] , both techniques require relatively high protein concentrations (>1 mg/ml), which would promote formation of higher order oligomers. To obtain a more complete description of the self-association behavior, samples of wild-type ALDH7A1 were analyzed by sedimentation-equilibrium and sedimentation-velocity. In the equilibrium experiment, a protein sample is subjected to relatively low centrifugal forces so that, at equilibrium, the rates of sedimentation and diffusion balance. The resulting concentration gradient is solely dependent on the molecular weight(s) of the sedimenting species. In the velocity experiment, the sample is subjected to a relatively high centrifugal field so that there is net solute transport. The observed behavior is a function of both solute size and shape. Analysis of the velocity data returns an estimate for the distribution of sedimentation constants, c(s), which can be transformed into a corresponding molecularweight distribution, c(M).
We collected sedimentation-equilibrium data for wild-type ALDH7A1 at three rotor-speeds and three loading concentrations (approximately 0.2, 0.4, and 0.8 mg/ml). The resulting nine radial distributions, monitored at 280 nm, were subjected to simultaneous (i.e. global) least-squares analysis.
When modeled with the assumption of a single-species (Eq (1)), the optimal fit yielded an average molecular weight of 141,000 Da, intermediate between the dimer-and tetramer molecular weights (111,120 Da and 222,240 Da, respectively). This result implied that the protein resides in a dimer-tetramer equilibrium. Indeed, a substantially improved fit was obtained with a dimer-tetramer equilibrium model (Eq (2)), with an association constant defined Three views of the tetramer aligned along the P, Q, and R 2-fold axes. In both panels, the locations of the residues mutated in this report are indicated by color-coded spheres: P78L (black), G83E (black), A129P (green), G137V (red), G138V (blue), A149E (magenta), G255D (orange), and G263E (purple). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
2 (Fig. 5AeC) . The optimal value of the equilibrium constant derived from global fitting was 63,500 M
À1
, corresponding to a tetramer dissociation constant of 16 mM (Table 1) . Application of a more complex model that included the monomeric form of the protein (Eq (3)) did not improve the fit, suggesting that the monomer concentration is negligible under the experimental conditions. The equilibrium analysis suggested that the enzyme should be tetrameric at high concentration. Thus, a sample of ALDH7A1 was studied by sedimentation velocity at an enzyme concentration of 4.5 mg/ml (81 mM). The resulting data unequivocally indicated that ALDH7A1 is largely tetrameric in solution at this concentration (Fig. 5D) , consistent with the previously determined crystalstructure data.
PDE-related mutations at protein-protein interfaces disrupt quaternary structure
Sedimentation equilibrium was performed on the ALDH7A1 variants to determine whether the mutations alter self-association behavior (Fig. 6 ). As described above for the wild-type protein, each of the variant enzymes was examined at three rotor speeds and three protein concentrations. Interestingly, in every case, the apparent average molecular-weight obtained with a single-species model was below that of a dimer, suggesting that the monomer concentrations were significant ( Table 1 ). Recall that, under similar conditions, the wild-type monomer was undetectable.
The equilibrium data for each the variants were also analyzed with more complex models. (Fig. 6) . For all but G255D, a monomerdimer equilibrium model yielded a satisfactory fit, implying the absence of higher order oligomers. For G255D, inclusion of a dimertetramer equilibrium in the model resulted in slight improvement of the fit, consistent with the possibility that higher-order oligomerization may occur in solution, ( Table 1) . The dimerization constants (K 1-2 ) for the ALDH7A1 variants fall in the range between 2 Â 10 5 M À1 and 15 Â 10 5 M À1 (Table 1) , corresponding to dissociation constants in the low micromolar range (5 mM and 0.7 mM, respectively). Altogether, the sedimentation equilibrium analyses suggest the major impact of the mutations is to perturb the interaction between monomers to make dimer formation less favorable compared to the wild-type enzyme. Sedimentation velocity experiments were performed to examine the oligomeric states formed at relatively high protein concentration (~80 mM). Whereas wild-type ALDH7A1 is predominantly tetrameric at this concentration (dashed line, Fig. 7AeB) , the velocity data for the Table 1 Parameters obtained from sedimentation equilibrium analysis.
Wild type 141 N/D variants suggest that the tendency for the dimers to self-associate is strongly suppressed. For A149E (Fig. 7A , magenta) and G263E (Fig. 7A  purple) , the c(M) maxima are close to the molecular mass expected for the dimer, implying that these variants are almost exclusively dimeric, even at the elevated protein concentration. The peak observed for A129P (Fig. 7A, green) , centered just under 100 kDa, probably represents a rapidly equilibrating mixture of monomeric and dimeric species. The shoulder located near the monomer molecular mass is consistent with that idea. The major peak observed for G138V (Fig. 7B, blue) is likewise believed to reflect a rapidly equilibrating mixture of monomers and dimers. The molecular-weight distributions obtained for G137V (Fig. 7B , red) and G255D (Fig. 7B, orange) are more complex, both variants exhibiting a prominent peak near 150 kDa. Although that value approaches the expected molecular mass for a trimeric species, it is more likely that the peaks reflect rapidly equilibrating dimertetramer mixtures. Recall that inclusion of dimer-tetramer association improved the least-squares fit of equilibrium data for G255D.
This variant also yields a prominent peak near 100 kDa, consistent with a monomer-dimer mixture.
The molecular-weight distribution obtained for G137V resembles that of G255D. However, unlike G255D, the least-squares fit of the G137V sedimentation-equilibrium data was not improved by inclusion of dimer-tetramer association. This result suggests that tetramer formation is negligible for G137V at low mM concentrations and, in turn, that the K 2-4 value for G137V is smaller than that for G255D. Evidently, none of the variant proteins forms a stable dimer-of-dimers under these experimental conditions, suggesting that association of the mutated dimers is not facile.
Discussion
Knowledge of the molecular basis of an inherited genetic disease is crucial for understanding the disease pathology and, ultimately, for therapeutic design. Several recent reports have stressed the need for physical characterization of disease-associated protein variants [10, 18] , emphasizing the inability of structural data alone to reveal the functional impact of a particular mutation. Previous studies on the effect of PDE-related mutations on ALDH7A1 activity used either transient expression [3] or analysis of crude lysate from heterologous expression [19, 20] . In this study, we have conducted detailed biochemical and biophysical analyses on the purified variant proteins, in an effort to understand how these previously uncharacterized mutations, positioned at or near the interfaces of the ALDH7A1 quaternary structure, impact activity and structure.
Whereas previous structural studies suggested a tetrameric quaternary structure for ALDH7A1 [7e9], our results indicate more complex self-association behavior. Analysis of sedimentationequilibrium data (Table 1) suggests that ALDH7A1 will be predominately dimeric at standard enzyme-assay concentrations (i.e., z1 mM), with only minor amounts of tetramer present. In this respect, ALDH7A1 resembles ALDH3A1 [21] and ALDH4A1 [22] , previously shown to be dimers. Whether our in vitro sedimentation measurements accurately describe the self-assocation behavior of ALDH7A1 in vivo is unknown. For example, it is possible that molecular crowding effects could increase the affinity of dimers to form tetramers in vivo. Nevertheless, the ALDH7A1 activity in vitro scales with enzyme concentration between 0.5 and 4.0 mM, a range over which the percentage of tetramer increases from 3% to 17% of the total protein. This finding suggests that the specific activities of the dimeric and tetrameric forms may be comparable. Another possibility is the dimers have low or no activity, and the solution conditions of the activity assay promote formation of highly active tetramers. In this mechanism, the binding of substrates to the enzyme may facilitate tetramerization. Additional studies are needed to distinguish between these scenarios.
All examined PDE-related mutations, proximal to the proteinprotein interfaces of ALDH7A1, abolish enzyme activity. Neither P78L nor G83E is expressed in appreciable amounts as soluble protein in E. coli, therefore, they were not included in these studies. Although the remaining variants (A129P, G137V, G138V, A149E, G255D, G236E) express well and are soluble, they exhibit altered quaternary structure. Whereas the wild-type protein is primarily dimeric at low mM concentrations, the variants reside in monomerdimer equilibria, characterized by dissociation constants between 0.7 and 5 mM. The total inability of the variants to catalyze the oxidation of AASAL implies that the monomers are inactive and, moreover, that their self-association does not restore activity. The latter conclusion suggests that the association surfaces of the mutated enzymes are sufficiently altered so as to render formation of the wild-type dimer-interface unfavorable.
Parenthetically, our results are reminiscent of a previous ALDH1 study in which simultaneous mutation of two interface residues disrupted tetramer formation and severely compromised enzymatic activity [23] . This behavior is evidently not universal, given that certain mutations that disrupt the hexameric form of bacterial ALDH4A1 do not affect enzymatic activity [24] .
Although the ALDH7A1 PDE variants display a range of apparent molecular masses at high concentration, ranging from approximately 50 kDae175 kDa, they do not approach that of the tetramer, 222 kDa. Evidently, the mutations also disrupt dimer-dimer association. The latter finding suggests that the tetramer may serve as a proxy for the capacity to form the enzymatically active domainswapped dimer that is the hallmark of the ALDH superfamily.
Conclusions
In summary, our results suggest that PDE-associated mutations perturb the native protein structure, altering self-association behavior and resulting in the loss of catalytic activity. These findings provide important data for understanding the molecular basis of PDE-related genetic mutations remote from the ALDH7A1 active site.
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